Deep-sea hydrothermal vents and methane seeps are inhabited by members of the same higher taxa but share few species, thus scientists have long sought habitats or regions of intermediate character that would facilitate connectivity among these habitats. Here, a network analysis of 79 vent, seep, and whale-fall communities with 121 genus-level taxa identified sedimented vents as a main intermediate link between the two types of ecosystems. Sedimented vents share hot, metal-rich fluids with mid-ocean ridge-type vents and soft sediment with seeps. Such sites are common along the active continental margins of the Pacific Ocean, facilitating connectivity among vent/seep faunas in this region. By contrast, sedimented vents are rare in the Atlantic Ocean, offering an explanation for the greater distinction between its vent and seep faunas compared with those of the Pacific Ocean. The distribution of subduction zones and associated back-arc basins, where sedimented vents are common, likely plays a major role in the evolutionary and biogeographic connectivity of vent and seep faunas. The hypothesis that decaying whale carcasses are dispersal stepping stones linking these environments is not supported.
Background
The adaptation to, and colonization of, new habitats is often achieved via geographically or ecologically intermediate 'stepping stones' [1] [2] [3] . Understanding the nature of these stepping stones is thus crucial for interpreting the history of colonizations and present-day distributions, for the design of protected areas and for predicting vectors of dispersal of invasive species and of infectious diseases [2] [3] [4] [5] . Of particular interest for biogeographers and evolutionary biologists in this context are isolated and extreme habitats with faunas and floras showing endemism and unusual adaptations, such as island archipelagos [6, 7] , caves [8, 9] , seamounts [10, 11] , and deep-sea hydrothermal vents and methane seeps [12] [13] [14] . Among these, vents and seeps are characterized by harsh environmental conditions and host unique ecosystems in which the dominant species gain their nutrients from symbiotic chemoautotrophic bacteria and are independent of photosynthetic food chains [15, 16] . Vents and seeps are inhabited by members of the same higher taxa, notably siboglinid tubeworms, bathymodiolin mussels, and vesicomyid clams, but overlap on the species level is limited. This is thought to result from the different tectonic settings and physical properties of vents and seeps: whereas many vents are located in open ocean settings and are characterized by volcanic rocks and hot, metal-rich fluids, methane seeps occur on continental margins and are characterized by cold fluids, soft sediment, and carbonate rocks [15] . Vents and seeps are thus perceived as two distinct types of ecosystems that have evolutionary connections, but the nature of these connections remains controversial. Because the number of shared species increases in areas where both habitat types occur in close proximity, for example, around Japan and in the Gulf of California, such areas are seen as evolutionary hotspots for the chemosymbiotic biota [17, 18] . The discovery of vent-type taxa around whale carcasses on the deep-sea floor led to the idea that such 'whale falls' act as evolutionary and dispersal stepping stones for vent and seep taxa [19] [20] [21] . Findings of further habitat types fuelled by chemosynthetic primary production, such as sedimented vents, hydrothermal seeps, and serpentinization vents, recently led to the view of a continuum of reducing ecosystems in which habitats of intermediate character are seen as conducive to interactive evolution of vent and seep biota [22, 23] . However, the importance of the various chemical, physical, and geographical factors for facilitating connectivity remains unclear [14] , because biogeography and connectivity across all reducing ecosystems has never been analysed on a global scale. This shortcoming is addressed here by a network analysis of the largest biogeographic dataset of vent, seep, and whale-fall faunas assembled to date.
Network analysis is a powerful framework for deciphering the structure of biological systems composed of interacting units, with the units being anything from molecules to species to communities, and the links between them representing their interactions. This approach has, for example, been used to understand processes in shaping metabolic networks [24] , mutualistic interactions between plants and animals [25] , food web stability [26] , and island biogeography [27] . It is free of a priori assumptions about the boundaries of biogeographic provinces [28] and instead allows quantification of both the importance of individual sites in connecting other sites (their centrality) and the strength of these connections. Overall, this approach uses a better representation of the dynamic and interactive nature of species distribution patterns than hierarchical clustering or pairwise interaction analysis [29] .
This study has three main aims: (i) to resolve the biogeography and connectivity of vent, seep, and whale-fall faunas in combination and on a global scale, (ii) to identify sites or habitat types that play a major role in connecting the various types of reducing ecosystems and their biogeographic provinces, and (iii) to assess the role of water depth in the biogeography and connectivity of these faunas.
Data and methods (a) Faunal data
The analysis is based on bivalves and gastropods, which are among the dominant and most diverse clades at vents and seeps [30] and includes all known taxa regardless of their physical size, relative abundance, and mode of life (i.e. epifaunal versus infaunal). It uses the genus level due to the high degree of endemism seen on the species level, as shown in previous studies of vent and seep biogeography [31] [32] [33] . The dataset was compiled from published faunal descriptions and site descriptions (electronic supplementary material, tables S1 and S2). One hundred and twenty-one genus-level taxa are recognized and the generic assignments of the respective species were updated using published taxonomic work [34] [35] [36] [37] [38] [39] [40] [41] [42] and taxonomic inferences made by myself from published phylogenies [43] [44] [45] [46] [47] . These are: species of the '"Bathymodiolus" childressi clade' (cf. [43, 48, 49] ) were treated as a separate genus, not as belonging to Bathymodiolus sensu strictu; 'Bathymodiolus' aduloides and 'B.' manusensis form a separate clade among bathymodiolins [43, 44, 49] and are also treated as a separate genus. Among the vesicomyids, I largely follow the recent classification by Krylova & Sahling [35] , with the following exceptions. Because Phraeagena was not found to be monophyletic in recent molecular studies [46] its species are included in Archivesica; Archivesica further contains all species called 'gigas/kilmeri complex' or 'gigas group' in molecular studies, including 'Ectenagena' extenta (cf. [45] [46] [47] 50, 51] ). 'Calyptogena' magnifica is considered as a separate genus [35] . The species assigned to Pliocardia are treated as three different genera: the two clades called 'Pliocardia I' and 'Pliocardia II' in the molecular phylogeny of Valdés et al. [45] , and the remaining species assigned to this genus by Krylova & Sahling [35] as a third genus. This treatment may seem arbitrary but it is likely to reveal more biogeographic structure than if all species assigned to Pliocardia by Krylova & Sahling [35] were regarded as a single genus.
(b) Site data
The 'sites' consist of 79 sites or composite sites with at least three taxa present, and include vents, seeps, whale-falls, a hydrothermal seep, and the Pleistocene Ghost City serpentinization vent site. In some cases, geographically close sites were grouped and treated as a single unit (composite site), including: seep sites in the Gulf of Mexico, the Gulf of Cadiz, off of the Caribbean coast of Colombia, and the Pacific coast of Costa Rica; vent sites on the northern and southern East Pacific Rise; and vent and seep sites in the Nankai and Okinawa troughs. A description of the sites and composite sites is provided in the electronic supplementary material, table S2. To assess the impact of water depth on the biogeographic distributions, the sites were binned into three depth ranges: less than 1 500 m, 1 500-3 000 m, and more than 3 000 m. When composite sites had depth ranges spanning two of these depth bins, they were assigned to the bin encompassing the larger proportion of the composite site's depth range.
(c) Network analysis
Weighted networks were constructed from the presenceabsence data, in which each site or composite site represents a node, and the links between the nodes are constructed and weighted based on the Bray-Curtis dissimilarity index. A thresholding approach was used to detect biogeographic provinces. By decreasing the threshold, links weaker than the threshold are successively removed from the fully connected network, so that only the more important links are retained. The result is that the network is broken up into 'compartments' that have strong links within the compartments, but only weak links between them; these compartments were then used to delineate biogeographic provinces [32, 52] . The 'betweenness centrality' is calculated for each node, describing the importance of the node in connecting other nodes through the shortest path. The average clustering coefficent kCCl was calculated for the entire network; for an individual node, the clustering coefficient indicates the proportion of neighbouring nodes that are neighbours of each other, and these values are then averaged over the entire network. This coefficient is compared to a null model: the average kCCl of networks with the same number of nodes and links but the links randomly rewired. The network analysis was carried out using the software package EDENetworks v. 2.18 [52] . Randomizations were performed using NetworkRandomizer [53] running on the network analysis software platform Cytoscape [54] . Further statistics were calculated with the software package PAST v. 2.17 [55] .
Results (a) Biogeography
At a threshold of 0.7, the average clustering coefficient of the network (kCCl ¼ 0.31) is one order of magnitude higher than for the null model (kCC 0 l ¼ 0.02), indicating the presence of substructures within the network, with greater internal connectivity than would be expected to occur purely by chance. Visual inspection of the topologies of networks of increasing thresholds (i.e. with the continuous addition of weaker links; figure 1) allows the delineation of biogeographic provinces and the connectivity within and between them. Eight biogeographic provinces are apparent: (i) the Indian Ocean Ridges, (ii) the tropical western Pacific Ocean (WP), (iii) the Juan de Fuca Ridge, (iv) the East Pacific Rise plus the Galapagos Ridge, (v) the Mid-Atlantic Ridge (MAR) plus the East Scotia Ridge, (vi) NE Pacific back-arc basin vents plus seeps from the same region, (vii) seeps in the Gulf of Mexico and on the African west coast, also called the Atlantic Equatorial Belt; tightly linked are two sedimented vent sites: Anya's Garden on the MAR and Edison Seamount in the WP, and (viii) seeps in the Mediterranean Sea (figures 1 and 2). Overall, vent sites are much more tightly linked to each other than seep sites. For example, at a threshold of 0.7 all but one bare-rock vent site and one sedimented vent site (out of 33 vent sites) are connected to at least one other site, whereas among the seeps, 13 out of 38 sites remain unconnected; among the whale-fall sites, more than half remain unconnected at this threshold.
(b) Connectivity
The average betweenness centrality of sedimented vents is much higher than that of seeps and of bare-rock vents (figure 3), at least in networks that include links between different habitat types and between the major biogeographic provinces (at thresholds more than 0.65; see also figure 1). The betweenness centrality of the other habitat types (hydrothermal seep, serpentinization vent, and whale falls) is negligibly low, and in the fully connected network (at thresholds more than 0.91), average betweenness centrality values are low and similar between all habitat types because virtually all the nodes are interconnected. The network topology shows no direct links between bare-rock vent, sites and seep sites, even at high thresholds (up to 0.75); links between the two habitat types are always via sedimented vent sites (figure 1). Also in the minimum spanning tree, links between bare-rock vents and seeps are only via sedimented vents (figure 4a). Whale-fall sites show mostly links among each other and to nearby seep and sedimented vent sites, and up to a threshold of 0.75 there are no links to bare-rock vents. The Jaco Scar 'hydrothermal seep' site is linked to the nearby Costa Rica seeps and up to a threshold of 0.75 it has no links to bare-rock vents and only a weak link to the sedimented Guaymas Basin vents. The Ghost City serpentinization vent site is mostly linked to vent sites on the Mid-Atlantic Ridge, including the sedimented Anya's Garden site, but only at high thresholds.
(c) Depth
Both in the minimum spanning tree and in the network at a threshold of 0.7 (when most major biogeographic provinces 
Discussion (a) Biogeographic provinces
The biogeography of vent, seep, and whale-fall faunas is here analysed for the first time in combination and on a global scale. The analysis retrieved the same biogeographic provinces among the vent faunas as previous studies [12, 14, [31] [32] [33] . It also shows that, when analysed with the same methods and thresholds, the seep sites group into much less clearly defined faunal provinces than the vent fauna, and most groupings include sedimented vent sites as well ( figure 1 ). Furthermore, the constituents of many previously recognized 'seep provinces' [56] [57] [58] [59] are scattered across several network compartments, are frequently linked to vent and seep sites across the globe, and many sites remain unconnected even at high thresholds (figure 1). A typical example for this is the Atlantic Equatorial Belt [56, 60] , where seeps in the Gulf of Mexico show a close link to the Edison Seamount in the West Pacific even at low thresholds, but only weak links to nearby seep sites on the Blake Ridge and the Barbados Prism. Exceptions to the low provinciality of the seep fauna include the Mediterranean seep fauna, which shows an even higher level of distinctiveness than do the vent faunal provinces, and seeps from the deepest trenches. This high distinctiveness of the Mediterranean seep fauna was considered to be due to the Messinian Salinity Crisis about 6 Ma, which caused severe extinction in the Mediterranean Basin [61, 62] , and Mediterranean seeps were thought to have subsequently been recolonized by taxa from the adjacent Atlantic Ocean [57] . Surprisingly, however, links between the Mediterranean seep fauna and that in the Gulf of Cadiz just outside the Strait of Gibraltar are not apparent in the present analysis. This indicates that the processes leading to the unique character of the Mediterranean seep fauna are not yet completely understood.
Faunal exchange through the Isthmus of Panama has often been suggested in vent and seep biogeography, especially in respect to the colonization of the Atlantic Ocean [12, 14, 33] , but a recent network analysis of the vent fauna alone rejected such connections [32] . Here, however, Atlantic seep faunas and the Von Damm vent fauna in the Caribbean Sea show links to sedimented vents in the western Pacific Ocean, indicating that dispersal across the now-closed Isthmus of Panama indeed played an important role in shaping the composition and biogeography of the vent and seep fauna in the Atlantic Ocean. The fauna of the East Scotia Ridge near Antarctica shows a weak link to vent faunas of the Mid-Atlantic Ridge. A previous assessment based on decapods and barnacles indicated links to the Pacific Ocean [63] , suggesting that molluscs and crustaceans may show different biogeographic patterns. Indeed, when individual phyla were investigated separately in a previous network analysis of the vent fauna [32] , the molluscan biogeographic patterns differed somewhat from those of the entire fauna, and also differed from those of annelids and arthropods. However, molecular phylogenetic studies of several vent/seep annelid clades revealed individual species inhabiting both seeps and sedimented vents along the eastern margin of the Pacific Ocean (i.e. Archinome levinae [64] and Amphisamytha fauchaldi [65] ) indicating that sedimented vents also play an important role at the species level for clades other than molluscs.
(b) Depth
Water depth was suggested to be more important in shaping seep biogeographic provinces than geographical distance [60, [66] [67] [68] [69] . Previous studies found that the degree of endemism of the vent and seep fauna increases with increasing water depth [68, 70, 71] . This pattern is most probably responsible for the observed (though not statistically significant) greater number of links between sites from the deepest and the middle depth ranges compared with the total number of possible links. Seeps in shallower water can potentially be colonized from a large pool of taxa pre-adapted to sulfide-rich sediments due to the higher diversity of such taxa (and taxa in general) in shallower water, whereas in the abyss such taxa are more rare. The low impact of depth on biogeographic patterns observed here might result from (i) the existence of a few provinces with very poor sorting by depth, which might mask a more general pattern, (ii) the existence of different depth zones in different ocean basins, or (iii) the existence of depth zones but along other boundaries than drawn in this analysis (or combinations of all of the above).
(c) Implications of network connectivity
Sedimented vent sites play a much larger role in overall network connectivity than sites of any other habitat type, and the network topology shows that they are the main connections between seep and bare-rock vent habitats. The network is constructed based on a distance measure between sites, thus the sedimented vents have a central position in the network, because they share a higher proportion of taxa with seeps and with bare-rock vents, than seeps and bare-rock vents share with each other. Vents, seeps, whale falls, and similar settings are seen as a 'continuum of reducing habitats' in which those of intermediate character play a central role in connectivity among the end members [22, 23, 72] . In this scenario, the intermediate habitat is the place where taxa inhabiting the intermediate and one end member could acquire adaptations that enable them to colonize also another end member. This study indicates that mainly sedimented vents have the physico-chemical properties to play this central role, whereas other habitat types do not. For example, a 'hydrothermal seep' site with a diffuse flow of shimmering, warm fluids with high methane concentrations was initially regarded as being conducive for interactive evolution between vent and seep biota [22] . Here, however, this site plays no significant role in connecting global or local vent and seep faunas but 
Lastly, whale falls have long been considered as dispersal stepping stones for vent and seep taxa [19, 21, 73] , but here they have only weak links within the biogeographic network. This sheds further doubt on their role as dispersal stepping stones; rather, the available data suggest that the whale-fall fauna might have its own biogeographic history, with some input from the vent and seep fauna.
The intermediate character of sedimented vents has previously been noted in a few regional and global analyses [17, 74, 75] , and in phylogenetic studies of individual clades [64, 65] . But what are the physico-chemical properties of sedimented vents that result in their crucial position in the network of reducing habitats? It may be the combination of sulfide-rich soft sediment that mimics the situation at methane seeps, and the hot metal-rich fluids that typically characterize mid-ocean ridge-type vents. In particular, this latter point sets sedimented vents apart from other perceived intermediates such as whale falls, sepentinization vents, and hydrothermal seeps.
The central role of sedimented vents challenges our current understanding of the biogeographic and evolutionary connectivity of reducing habitats. Several studies considered the close geographical proximity of vent, seep, and other reducing habitats in the West Pacific to facilitate connectivity among, and adaptations to, vents and seeps in this region [17, 32, 43, 76] . However, two results of the present network analysis indicate that the abundance of sedimented vents in the West Pacific, rather than geographical proximity, facilitates connectivity: (i) even within small geographical areas, links between 'bare-rock vents' and seeps are via sedimented vents and not directly from vent to seep, as would be expected if geographical proximity alone would facilitate connectivity and (ii) the sedimented vents also connect vent and seep sites located in different ocean basins, such as the Gulf of Mexico and the Caribbean Sea, and the western Pacific and the Indian Ocean. Furthermore, the sedimented vents in the Guaymas Basin and on the Gorda Ridge play a prominent role in connecting vents and seeps along the East Pacific margin. This indicates that the tectonically active margins of the Pacific Ocean in general play an important role in the evolutionary connectivity of vent and seep faunas, especially considering that the Pacific margins have been tectonically active for tens to hundreds of millions of years [77] .
By contrast, the Atlantic Ocean has been bound by passive continental margins ever since its opening about 200 Ma [77] . Remarkably, the Von Damm vent field in the Caribbean Sea shows only weak links to seep faunas in the Caribbean region and the Gulf of Mexico, despite their geographical proximity, and seep faunas on the eastern and western side of the Atlantic Equatorial Belt show virtually no links to vent faunas on the Mid-Atlantic Ridge that lie geographically between them [60] . An exception to this is the sedimented Anya's Garden site in the Logatchev vent field, which has links to seep faunas in the Gulf of Mexico. Interestingly though, the Anya's Garden site is also linked to a mid-ocean ridge vent site in the Indian Ocean rather than to nearby Mid-Atlantic Ridge vents. Given the importance of sedimented vents, especially in back-arc basins, in connecting both types of ecosystems, it appears that the scarcity of sedimented vents in most of the Atlantic Ocean is the main reason behind the much clearer separation of its vent and seep faunas compared with the Pacific Ocean. This adds a new dimension to the importance of tectonic plate boundaries in the evolution and biogeography of vent and seep faunas: while the changing distribution of mid-ocean ridges throughout the Earth's history has long been identified as the main factor shaping the biogeography of vent faunas [12, 31, 78] , the distribution of subduction zones and associated back-arc basins with sedimented vents appears to play a major role in the interaction between vent and seep ecosystems.
The less clear-cut biogeographic provinces among the seep fauna compared with the vent fauna might provide further insights into their biogeographic and evolutionary connectivity. Sulfide-rich soft sediments are widespread along the world's continental margins, presumably implying that there is a large pool of taxa with pre-adaptations to chemosynthetic habitats that can potentially colonize seeps and thus blur biogeographic boundaries. By contrast, sulfide-rich hard substrate habitats are rare outside the vent environment and hence there are probably only a few taxa with pre-adaptations to those habitats, resulting in more clear-cut biogeographic provinces. Examples of sulfidic hard substrates include whale and wood falls-bones and wood parcels that emit sulfide due to the anaerobic breakdown of organic matter [20, 79] . This might be the reason why taxa requiring a hard substrate, such as the largely epifaunal mussels, took wooden steps to deep-sea vents [2] . Indeed, it is tempting to speculate that vent/seep taxa requiring hard substrates generally took such a pathway of adaptation, whereas taxa inhabiting soft sediment can adapt to living at seeps without the need for wooden stepping stones.
(d) Limitations
A potential limitation of this study is that no distinction was made between seep faunas inhabiting a soft substrate, on the one hand, and carbonate rocks, on the other. Thus, a 'seep site' as used here may encompass higher habitat heterogeneity than sites classified as bare-rock vents. Making this distinction, also in the case of whale and wood falls, could potentially provide further insights into the role of hard substrates in the biogeographic and evolutionary connectivity among these faunas. Another limitation, as in any biogeographic study, is sampling density. The world's oceans are far from being evenly or comprehensively sampled for vents and seeps [80] . Seeps from the Southern Hemisphere are particularly poorly known; for example, there is not a single comprehensive description of a seep fauna from the entire Indian Ocean. As more studies on these and other faunas become available, our understanding of their biogeography will improve. Finally, low numbers of taxa per site could potentially lead to spurious results in such an analysis (i.e. artificially low or high similarities), which is why sites with fewer than three taxa were excluded here. However, virtually nothing changed when the analysis was re-run with a minimum of five taxa per site instead of three (electronic supplementary material, figure  S1 ), suggesting that the results are robust even with low numbers of taxa per site.
Conclusion
The present analysis indicates that sedimented vent sites are the most important evolutionary and biogeographic links rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20162337 between vents and seeps. This has major implications for understanding the origin and biogeographic evolution of vent and seep faunas. The western Pacific Ocean hosts the highest number of active sedimented back-arc vents known on our planet, resulting in closer biogeographic ties between vent and seep faunas in this region than in other ocean basins. In the eastern Pacific Ocean, active spreading ridges are located close to continental margins and hence they receive large amounts of sediment, which also facilitates links between vents and seeps in this region. By contrast, the Atlantic Ocean has been characterized by passive continental margins and a scarcity of sedimented back-arc basins since its opening about 200 Ma, which offers an explanation for the stronger separation between vent and seep faunas in this ocean basin. Thus, the distribution of subduction zones and associated back-arc basins likely plays a major role in the evolutionary and biogeographic connectivity of vent and seep faunas. Whale falls appear not to function as dispersal stepping stones between vent and seep sites, rather, the limited available data suggests that the whale-fall fauna likely has its own biogeographic history, with some input from the vent and seep fauna. 
